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Light induced flows opposing drainage in foams and thin-films using photosurfactants † We study the influence of UV light on the drainage flows of foams and thin-liquid films stabilized by photoswitchable azobenzene surfactants, whose shape and hydrophobicity can be modified using UV illumination. This model system, the dynamics of which was well characterized in a previous study, enables us to trigger a controlled variation of the surface excess and surface tension. In both geometries we observe light-induced flows which are able to suppress the drainage flow induced by gravity.
However, we show that the physical origin of the flows is different in both geometries. At the scale of a few films in the so-called 'two-bubble' experiment the comparisons of the physical length scales, i.e. the radius of the meniscus and the film thickness, to the chemical "reservoir length" (G/c) show that the flux of the surfactant at the interface in the presence of UV light is different in the films and in the meniscus, inducing a Marangoni flow from the meniscus to the film, which is stronger than gravity and capillary suction. The velocity of this flow can be tuned by the light intensity and the surfactant concentration. In the real foams, however, we show that the above mechanism is not relevant because the radii of curvature of the Plateau borders are orders of magnitude lower than in the two-bubble experiment, thus the capillary suction prevents such transfer between the films and the Plateau borders. Instead, the decrease of the drainage velocity is shown to be due to a gradient of the surface tension in the illuminated zone hence to a local variation of the capillary pressure. This study underlines the importance of characterizing the radius of the Plateau borders for the understanding of foams, as this key parameter sets the order of magnitude of capillary pressure, film thickness and amount of available surfactant. We also show that this photosurfactant is a new toolbox for the understanding of foam stability.
A Introduction
Foams are used in a wide range of applications from ore extraction, oil recovery, detergents, cosmetics, food to building materials. Foams are composed of gas bubbles, separated by thin-liquid lms being all connected by "liquid channels" -the Plateau borders, PBs. Surfactants adsorbed at the surface of the bubbles provide stability to the thin lms and the foam. The liquid fraction, f l , and the bubble diameter, D, are two important parameters to characterize a foam, and how the foam properties depend on these quantities is now better identied.
1,2
However, optimization of the foam properties to suit to a specic application requires better identication of the physiochemical parameters of the surfactant formulation that also inuence various properties of foams such as foamability, foam stability and rheology. In fact, both physical parameters (like f l and D) and chemical formulation control the properties of a foam. For instance, the dynamics of foam aging, by drainage and coarsening, can be widely tuned either by changing D or the chemical components. 3 In addition, the response to shear or the slipping of foams on a substrate combines physical and chemical contributions;
4-6 the rheology at the interfaces is therefore coupled to the bulk foam rheology. In the process of investigating the effects of the surfactant formulation, it has been observed that some liquid can ow from PBs to lms, or within the foam, as a consequence of bubble rearrangements, 4,6-9 non-uniform shear, 10 slipping on solid walls, 4, 11, 12 or in association with drainage ow in the PBs. [13] [14] [15] Qualitatively, such bubble rearrangements or liquid ow in PBs induce surfactant convection in bulk and at interfaces, eventually resulting in surface tension gradients. Local Marangoni ows then occur in response to these surface tension gradients. These local ows, by changing the sizes of the lms and PBs, might then react and have an impact on the dynamical forcing at their origins. Thus, these are strongly coupled problems, which need to be investigated if one wants a full understanding of foams in dynamical conditions. However, the surface tension, surfactant concentration and lm thickness cannot be determined experimentally in situ in a foam.
As an alternative, some experiments were performed on elementary foam structures, consisting of only one or a few bubbles/lms. 7,9,11-13 However, one can always wonder if these results remain valid within a foam, and whatever the typical sizes of the bubbles and Plateau borders.
In this study, to overcome some of these drawbacks, our strategy is twofold. First, it consists of using a photosurfactant, whose shape and hydrophobicity can be tuned by UV light stimulation. As we have shown in a previous study 16 (summarized in Section B) the two isomers of the azobenzene photosurfactant have very different adsorption dynamics and equilibrium surface excess. Here we use this surfactant as a tool to tune the surfactant properties in situ inside foams and in thin-liquid lms by switching on and off the light stimulation and to monitor the induced ows. With this well-characterized model, we also have a way to properly trigger photoinduced spatial and time variation of the surface excess and then to generate Marangoni ows. Secondly, we choose to investigate two different geometries: a model setup based on three thinliquid lms of a few cm sizes and a 3D foam, where the bubbles have a sub-millimeter radius.
In both geometries, we nd clear evidence of ow triggered by the UV light stimulation: in all cases, these light induced effects are stronger than gravity and capillarity. We suggest theoretical models to explain these ows. We also discuss the link between the two set-ups: we show that in the two-bubble experiment the relevant physical dimensions (typically of the order of mm to cm) are orders of magnitude different from the ones within the foam (scaled down to microns), leading to two different interpretations of the light-induced hydrodynamic effects.
Finally, we conrm that the use of these photoactive surfactants provides a new toolbox for the understanding of the link between surfactant properties and foam stability.
B Photoswitchable surfactants
Photoswitchable surfactants have emerged in the last 20 years as a way to control interfacial dynamics. 17, 18 The photoswitchable surfactant we used is called AzoTAB, which contains an azobenzene moiety on the hydrophobic tail and can switch from the cis to the trans-isomer under UV or blue stimulation (Fig. 1) .
Details on the synthesis of the photosurfactant and measurement of the cis : trans ratio as a function of wavelength are given in our previous study. 16 Briey, under blue light (l ¼ 436 nm) the solution reaches a photostationary state containing a predominant fraction of trans-isomers (f blue ¼ 66%). Under UV light (l ¼ 365 nm), the surfactant solution contains f UV ¼ 5% of the trans-isomers. The typical time for switching the bulk composition from one state to the other scales as
, where I is the light intensity, and a(I) and b(I) are the trans-to-cis and cis-to-trans photoconversion constants in s À1 , respectively. From spectroscopic measurements, 16 we found that a(I) $ 5 Â 10
we will neglect b(I) in the following.
In ref. 16 we also investigated the short time adsorption dynamics of cis-trans mixtures using dynamical surface tension measurements. We determined the desorption and adsorption constants of the trans-isomers: k is the typical time for the trans adsorption. It follows that the desorption ux of the cis-isomers is limited by the rate of photoconversion and that the trans isomers do not adsorb fast enough to replenish the interface. As a result, the surface excess decreases with the light intensity and the surface tension increases with the light intensity. In this study, solutions of azosurfactant, from 2 mM to 46 mM in deionized water, were exposed for 30 minutes under blue light before the experiments using a Prizmatix device equipped with a photodiode (436 nm), I ¼ 0.4 mW cm À2 , injection system in ber optics, and output collimation optics. To investigate the effect of UV light and trans to cis photoconversion on the thin-lms and foams, UV light was shone at a maximal power of I ¼ 1 mW cm À2 using the same Prizmatix device equipped with another photodiode (365 nm). The same ber output was used to irradiate foams and thinlms at a distance of ca. 1 cm. We veried that for these intensities there is no effect of a rise of temperature: measurements using a thermal camera show that the temperature stays constant in the foam.
C Photoinduced flows at the scale of several thin-films
We investigate the inuence of UV light on the drainage in a vertical thin-liquid lm connected between two open bubbles ( Fig. 2a) . Before stimulation, the thin-lm drains under the action of gravity and becomes thicker at the bottom, as shown by the Newton fringes in Fig. 2b , for t ¼ 0 s. When UV light is shone on the sample at t ¼ 0, the lm stops thinning and an upward ow tends to thicken the lm. The brown fringe, characteristic of a thickness h ¼ 140 nm, moves upward (Fig. 2b) . This rst experiment is clear evidence that UV light and photosurfactants can be used to achieve a remote control of the drainage ows in thin-liquid lms.
To investigate the light-induced ows without the effect of gravity, we rotated the set-up shown in Fig. 2 until the thin-lm is horizontal. As shown in Fig. 3 , the UV stimulation results in a radial ow directed toward its center. A fresh lm of uniform thickness H of the order of one mm is drawn from the Plateau borders and invades the central lm of initial thickness h 0 of the order of 300 to 750 nm.
The area A(t) of the thin-lm initially present decreases with time at a constant rate (Fig. 3c) , from its initial value A 0 . However, the volume of the central lm, h 0 Â A(t), is constant during the experiment, meaning that there is no transfer of material between the initial thin-lm and the fresh lm of thickness H that invades the thin lm.
This situation is similar to the problem described theoretically by Frankel where a soap lm of thickness H is mechanically drawn from a bath of liquid at a velocity U using a metal frame. 19 In the steady state, the thickness H results from the balance between capillary forces and viscous dissipation in the lm and is given theoretically by H ¼ 2.68r m Ca 2/3 , with r m the radius of curvature of the meniscus, Ca ¼ hU/g the capillary number, g the surface tension, and h the viscosity. In Frankel's situation the curvature of the meniscus is set by l c ffiffiffi 2 p with l c ¼ ffiffiffiffiffiffi r g g r the capillary length, r the liquid density and g the gravity constant, whereas in our case the relevant length scale is given by the Plateau borders, whose curvature, r PB , can be controlled by injecting a liquid using a syringe into the menisci. Unlike in Frankel's work where a direct mechanical traction is needed to pull the lm, applying UV light on the interface enables us to control remotely the advance of the fresh lm. Moreover varying the light intensity or the surfactant concentration enables us to tune the velocity U and hence to explore different capillary numbers between 10 À5 and 10 À4 . r PB is measured by image analysis of the prole of the Plateau border, H is measured by interferometry and the velocity U is obtained by measuring dR/dt, the rate at which the radius of the central lm decreases. We nd that the ratio H/r PB of the thickness H and the radius of the Plateau borders scale as Ca 2/3 as predicted by Frankel (Fig. 4) . Our results fall slightly below Frankel's prediction, as also observed for several solutions in Frankel's geometry. 20 This likely indicates that the interfaces of the photoswitchable surfactants may exhibit some dilations whereas Frankel assumed rigid interfaces.
Let us discuss the driving force for this light-induced Frankel ow. It was shown recently that pulling a lm at a velocity U requires a surface tension difference between the menisci and the lm given by
(1) From our measurements of U we estimate that dg is of the order of 10 À3 to 10 À2 mN m À1 . Using a standard Langmuir isotherm,
where G N is the surface excess for a saturated interface, we estimate that this corresponds to a small difference of the surface excess, dG of less than 1% between the lm and the meniscus.
We have shown previously 16 that the adsorption of the cisisomers is negligible. Thus we will limit ourselves to an approximate balance that includes only the trans-isomer. Let us rst write the balance equation for the surface excess of transisomers G trans on the interfaces of the thin-lm as follows
where A is the area of the central lm, c trans is the trans concentration in the solution, k trans ads , k trans des and a(I) are dened in Section B. The rst two terms of the r.h.s. correspond to the surfactant exchange with the bulk. The third one corresponds to the light-induced ux of desorption of the adsorbed trans, as explained in Section B. The fourth term corresponds to the change of surface coverage originating from surface compression of the trans layer in the central lm due to the advance of the Frankel lm. The same equation holds for the meniscus. However we will assume that the meniscus area is constant, consistent with Frankel's assumption of rigid interface close to the meniscus. The last term of eqn (3) thus vanishes in the meniscus case.
For the concentrations we used h 0 < G trans N /c trans $ 1 mm ( r PB , hence under illumination the equilibrium between the interface and the bulk is different in the meniscus and in the thin-lm. As a result, c trans is slightly lower in the lm than in the meniscus which can be viewed as a reservoir. Hence the surface excess is different between the meniscus and the lm. Thus the UV illumination generates a Marangoni ow between the lm and the meniscus, which induces the thin-lm retraction and the formation of the Frankel's lm, as we modelize below.
To predict the retraction rate of the central lm, 3 ¼ 1/A(dA/dt) in s À1 we have to derive the expression for the concentration and surface excess of the trans-isomers in the lm and in the meniscus as a function of time under UV illumination. The total amount of trans-isomer N trans decreases with the following law, both in the lm (denoted with index f ) and in the meniscus (denoted with index m)
Àt/sphoto (4) with N f/m the total amount of surfactant, f UV ¼ 0.05 and s photo $ 1/a(I) the photoconversion time as dened in Section B. In the meniscus, the amount of surfactant at the interface is negligible with respect to the bulk. Thus the initial amounts of transisomer and surfactant are simply given by N Eqn (3)- (5) constitute a set of coupled equations that can be closed using the fact that the surface excess difference between the lm and the meniscus remains of the order of 1%: the area of the lm adapts itself in order to maintain at each time the same surface excess everywhere, despite the different surfactant dynamics in the meniscus and in the lm. In eqn (3), written for the lm, we thus replace G , induces a Marangoni stress needed to pull the Frankel's lm, but it can be neglected to predict the area evolution.
In Fig. 5 we show that the rate of compression of the central lm 3 ¼ (1/A)(dA/dt) measured experimentally increases almost linearly with the light intensity and increases with the concentration. The initial lm thickness does not have any signicant inuence on the dynamics (see Fig. 3 ). These qualitative behaviours are perfectly reproduced by our model.
The full lines shown in Fig. 5a and b are the predictions obtained from the model using k , which are in very good agreement with the values obtained independently in our previous study.
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Using our photoswitchable surfactants, we thus generate a controlled Marangoni ow from the Plateau borders originating from a difference in exchange dynamics of the surfactants between the meniscus and the lm under UV light. The velocity is controlled by the light intensity and hence the rate of cis-trans photoconversion at the interface. Below we study light-induced ows at the scale of a macroscopic 3D foam.
D Photoinduced flows at the scale of a macroscopic foam
A 30 cm high column with a rectangle section of 5 cm 2 is lled with an aqueous foam made with the photosurfactant solution at a concentration 1.15 mM. The foam is produced by bubbling gas through porous frits of controlled porosity, and at controlled pressure. We illuminate a 1 cm wide horizontal section of the foam using ber optics (Prizmatix) while the other part is kept in the dark. We record the time evolution of the liquid fraction at several heights in the foam using conductimetric measurements according to the method described in ref. 22 . In the absence of UV light, the liquid fraction f l recorded by the electrodes at all heights decreases monotonously with time because of the drainage ow induced by gravity, similarly to standard surfactants (ref.
3). A typical drainage curve f l (t) without UV light is shown in Fig. 6a . When UV light is applied locally on a given section of the foam, as described in more detail below, the liquid fraction of the illuminated section stops decreasing or even increases for several hundreds of seconds (Fig. 6c) . For the rest of the foam, kept in the dark, we do not detect signicant variations in the curve f l (t) (not shown).
Varying the age of the foam at which the UV light is turned on enables us to explore the inuence of the initial liquid fraction of the foam. For young and humid foams whose initial liquid fraction is above 1% when shone in UV the liquid fraction remains constant for typically 200 seconds aer switching on the UV light. Aer 200 s, the foam starts breaking similarly to what we reported in a previous article. 23 For dryer foams -f l < 1% aged for more than 400 s, the UV stimulation leads to an increase of the liquid fraction for 100 seconds and then the foam starts breaking.
As for the thin-lm experiment, we observe a ow which can actually be stronger than gravity. Concerning the mechanism at the bubble scale, allowing the foam to remain locally wet, one can wonder if the liquid transfer from PBs towards lms, described in the previous section, can also be relevant here. Indeed, redistribution of the liquid in the lms, from the PB, could explain the slowing down of the global drainage (even with swelling, the lm thickness would still remain small compared to r pb ) Thus one rst has to gure out what would be the lm thickness in the foams. Following Section C, we have derived the relationship H $ r PB Ca 2/3 . In the experimental foam, r PB depends on f l according to r PB z 2.5f l 1/2 L PB eqn (5) , where L PB is the length of the Plateau borders. that r PB is of the order of 6 mm, almost 2 orders of magnitude smaller than in the two bubble-experiment. Extrapolating the experimental Frankel's law obtained in Fig. 4 to such low values of r PB would thus lead to the very small value of H, typically 3 nm. This has to be compared to the thickness existing in such foams, before the illumination. Because r pb is a few microns, we obtain capillary pressures of hundreds of Pascals, implying high disjoining pressures between the charged azoTAB monolayers of the lms and thickness of the order of 10 to 50 nm (as estimated from typical disjoining pressure isotherms measured for standard cationic surfactants 25 ). Hence the capillary suction, which is much higher in the dry foams than in the 2-bubble experiment, induces lm thickness higher than what the Frankel ow between the Plateau borders and the lms would induce. We can thus discard the previous PB-lm mechanism for the behavior in the foams. In fact, a more advanced version of this model should include disjoining pressure effects, in order to introduce a cut-off thickness, when the PB radius decreases and when the capillary pressure becomes too high.
Even for the most humid foams, for which r PB is higher, this mechanism remains not relevant. In fact, we can probably explain that drainage is poorly affected by UV light for the wet foams: we suggest that the portion of the illuminated foam decreases for higher initial liquid fraction. In these foams, light is always multiply scattered, and its propagation is characterized by a light mean free path, l*. The amount of light transmitted through a foam slab is then proportional to this length. It turns out that l* is inversely proportional to the liquid fraction. 22 Thus, light is less penetrating, and more backscattered, as the liquid fraction increases. This explains why the inverse drainage gradually vanishes for the wettest foams, as there is a smaller fraction of the foam which is illuminated.
Once we have discarded the interpretation valid for the lm experiments, we instead suggest that considering only the network of PBs, the modication of the rate of drainage in the illuminated section of the foam is due to a gradient of capillary pressure caused by the gradient of surface tension between the stimulated part and the rest of the foam. Locally, in the PBs, the surface tension increases, meaning that the capillary pressure (bubble gas pressure -liquid pressure in the PB) increases. Therefore, the liquid pressure decreases in the stimulated region. Such a vertical gradient should induce a capillary ow towards the region where the liquid pressure is the lower. Note that this effect is superposed to the overall drainage ow. According to Darcy's law, the draining velocity, u(z), of water inside a foam results from hydrostatic and capillary pressure gradients and writes
where the vertical gradient of capillary pressure is given by the Laplace equation
and K(f l ) is the permeability of the foam. Besides, according to mass conservation, at a given height of the foam, f l (z) varies with time according to
In our case the draining velocity u(z) is lower in the illuminated section than in the rest of the foam because the surface tension is higher, driving the accumulation of liquid in this zone. We write the variation of drainage velocity between the sections in the dark and the stimulated one,
À3 is a coefficient linked to the triangular geometry of the foam PB, and using eqn (5), we obtain Finally, we focused here on the slowing down of the drainage under stimulation, which can be considered as a source of increased "stability" for a foam (as the dryer the foam, the less stable it is); however, as seen in Fig. 6 , this stabilizing effect is rapidly replaced by a foam collapse, described in ref. 21 , which also deserves to be studied. Understanding the origins of this collapse brings us back to the scale of the thin lms, and to discuss the balance between hydrodynamical instability and vanishing disjoining pressure (vanishing repulsive interaction as the interfaces are less covered). This will be the object of a future work.
F Conclusion
We have studied photoinduced ows in thin-lms and in foams using a photosurfactant. In both geometries we nd that it is possible to slow down the drainage using light induced gradients of surface tensions. Comparing the two experiments -lm and foam -and the details of each mechanism, it turns out that the PB radius is several orders of magnitude higher in the twobubble experiment than in the real foams. It follows that the capillary suction, dynamics of surfactant exchange, the equilibrium and dynamical thickness are different in both experiments. Hence the ows observed at both scales have a different physical origin. In the two-bubble experiment, the comparisons of the physical scales, r pb and h, to the chemical "reservoir length" (G/c) show that the ux of the surfactant at the interface in the presence of UV light is different in the lms and in the PB, inducing a Marangoni ow from the PB to the lm, which is stronger than gravity and capillary suction. In the foams, however, a gradient of variation of the surface tension in the illuminated zone induces a local variation of the capillary pressure, hence a vertical modulation of the drainage velocity.
We believe that the use of these photoactive surfactants provides a new toolbox for controlling emulsion and foam drainage as well as for the understanding of the link between the surfactant properties and foam stability. In fact, understanding the origin of the foam collapse in this system will be the object of future work.
